Introduction {#Sec1}
============

Nanomedicines have been extensively investigated for tumor-targeted drug delivery and reducing the toxicities/side effects of chemotherapeutic drugs \[[@CR1], [@CR2]\]. Tumor targeting by nanomedicines is mainly mediated by passive targeting (based on the enhanced permeability and retention effect \[[@CR3], [@CR4]\]) and/or active targeting \[[@CR5]\]. The field has witnessed the success of the first commercial liposomal nanomedicine in 1995 (liposomal doxorubicin; Doxil), and afterwards, several more nanoformulations were approved by the FDA and/or EMA, including paclitaxel-loaded in albumin nanoparticles (Abraxane) which is currently one of the best-selling cancer drugs on the market \[[@CR6], [@CR7]\].

In recent years, the achievements of the nanomedicine field have been critically evaluated, mainly focusing on the average targeting efficiency and real clinical impact \[[@CR8], [@CR9]\]. This has initiated intense discussions on the current clinical utilization and future directions of nanomedicines \[[@CR10]--[@CR13]\]. Among the main future ways forward is the combination of nanomedicines with immunotherapy, a therapeutic strategy that has been extensively studied preclinically \[[@CR14]--[@CR19]\] and is also already being explored in the clinic \[[@CR20]\]. This combination approach has broadened the applicability of nanomedicines from solely targeting tumor tissues as monotherapies to targeting multiple other organs and cell types in combination modalities \[[@CR21]\]. In this context, a low degree of tumor accumulation for a specific nanoparticle or cancer type is not necessarily a disadvantage anymore, since nanomedicines targeting other cells and tissues may help to boost the therapeutic efficacy of combination immunotherapy, including that with checkpoint antibodies \[[@CR22]\].

As will be outlined in this paper, the ability of nanomedicines to activate cancer immunity and improve immunotherapeutic responses holds great potential, and there are already several pieces of evidence demonstrating that nano-immunotherapy has a bright clinical future.

Opportunities of nanomedicine in immunotherapy {#Sec2}
==============================================

The interplay between cancer nanomedicine and immunotherapy has been demonstrated in multiple preclinical studies \[[@CR14]\]. To systematically summarize such combination therapies, we have utilized the concept of "cancer-immunity cycle" \[[@CR23]\] to showcase methods to improve immunotherapeutic outcomes \[[@CR14]\]. Furthermore, we have proposed a simplified model which is composed of three immune targeting strategies for combination nano-immunotherapy \[[@CR15]\].

Integration of nanomedicines in the cancer-immunity cycle {#Sec3}
---------------------------------------------------------

The cancer-immunity cycle is a model that describes the anticancer immune reaction cascade. As shown in Fig. [1](#Fig1){ref-type="fig"}, it is composed of four sequentially connected steps. It starts with the release of antigens from cancer cells and the antigens are then taken up and processed by antigen-presenting cells (APCs). Afterwards, they are presented to naive T cells to generate cytotoxic T cells. These cytotoxic T cells migrate via the circulation to find and kill cancer cells by releasing toxic molecules such as perforin and granzyme B. During this process of cancer cell death, more cancer antigens are released, and a new round of the immune reaction cascade can be triggered.Fig. 1Integration of nanomedicines in the cancer-immunity cycle. Nanomedicines can be used in each of the steps of the cancer-immunity cycle to potentiate antigen release from cancer cells, promote antigen uptake and processing by antigen-presenting cells, and support the presentation of cancer antigens to T cells to stimulate T cells to recognize and kill cancer cells \[Adapted with permission from Ref. \[[@CR14]\]. Copyright 2019, The Royal Society of Chemistry\].

Cancer nanomedicines have been utilized to initiate the release of antigens from cancer cells by loading agents that are able to induce immunogenic cell death (ICD) \[[@CR24]\]. Examples of such agents include the classical chemotherapeutic drugs (anthracyclines, oxaliplatin, and cyclophosphamide) as well as molecules used for photodynamic/photothermal therapy \[[@CR25]\]. A number of studies have already shown that loading such agents into nanocarriers induces more potent ICD compared with the free drug \[[@CR26], [@CR27]\]. An early case was demonstrated with oxaliplatin-loaded poly(lactic-co-glycolic acid) nanoparticles. In a mouse pancreatic carcinoma model, it was shown that the drug-loaded nanoparticles induced higher cell apoptosis than the free drug, and that immunoactivation effects such as enhanced effect or T cell infiltration in tumors, dendritic cell maturation, and interferon-gamma secretion were observed in mice treated with oxaliplatin-loaded nanoparticles. The therapeutic efficacy of oxaliplatin-loaded NPs was found to be significantly higher than that of the free drug \[[@CR27]\].

In addition to inducing ICD, nanomedicines can also be used to potentiate antigen uptake, processing, and presentation. A key aspect of these three processes is the delivery of antigens and adjuvating agents to immune cells. Adjuvants, such as Toll-like receptor (TLR) agonists, target pathways in immune cells that sense pathogen/danger-associated molecular patterns, which leads to the activation of APCs \[[@CR28]\]. Such adjuvants have shown therapeutic effects, but they are unfortunately often associated with severe side effects \[[@CR29]\]. Therefore, nanomedicines have on several occasions been used to target adjuvants to immune cells (mainly APCs) in the lymph nodes to avoid side effects and to enhance efficacy. For example, pH-sensitive nanogels have been designed to chemically conjugate the TLR7/8 agonist imidazoquinoline. These nanogels were able to drain to lymph nodes of mice after subcutaneous injection, in which they were endocytosed by APCs and intracellularly degraded. The free polymer chains conjugated with imidazoquinoline were liberated, which triggered the TLR7/8 pathway \[[@CR30]\]. Furthermore, nanomedicines incorporating both adjuvants and tumor antigens have also been exploited as cancer vaccines to mount an adaptive immune response against overexpressed self-antigens or neo-antigens that arise from somatic mutations in the tumor \[[@CR31]\]. In addition to synthetic materials, cell-derived nanocarriers have shown their potential in delivering antigens for immunotherapy. For example, nanoparticles based on tumor cell membranes fused with erythrocyte membranes have been engineered, which displayed tumor antigens and resulted in efficient antigen responses in mice \[[@CR32]\].

The final step in the cascade is cancer cell recognition and killing by cytotoxic T lymphocytes at the tumor site. This process can be hampered by multiple phenomena, including the expression of T cell inhibitory cytokines and checkpoints. To maintain the expansion and effect or functions of T cells, liposomes loaded with two cytokines (interleukins IL-15 and IL-21) were fabricated with maleimide functional groups. The liposomes were able to chemically conjugate with the surface of T cells via thiol groups on the cells and slowly release cytokines to stimulate the T cells \[[@CR33]\]. The results showed that the liposome-treated T cells showed greater endurance in vivo in comparison to nontreated T cells, leading to improved therapeutic efficacy. Analogously, the same group also developed liposomes binding to the Thy1.1 receptor of T cells, which were also functionalized with recombinant IL-2 that binds to the IL-2 receptor on activated T cells. These dual-functional liposomes enabled the increased expansion of T cells in vivo and enhanced tumor eradication by T cells \[[@CR34]\].

Targeting strategies in nano-immunotherapy {#Sec4}
------------------------------------------

Depending on the targeting properties of nanomedicines, they can be utilized to boost cancer immunotherapy in three different ways \[[@CR15]\] (Fig. [2](#Fig2){ref-type="fig"}). The first strategy is to target and kill cancer cells to induce specific forms of immune-activating cell death (i.e., ICD). As discussed above, such nanomedicines typically incorporate ICD-inducing chemotherapeutic drugs such as doxorubicin and oxaliplatin, and the added value of using nanomedicines in this regard is related to their ability to more efficiently deliver drugs to tumors (compared with the free drug) and at the same time to decrease accumulation and toxicity in healthy tissues.Fig. 2Targeting strategies in nano-immunotherapy. Left: nanomedicines can be designed to target cancer cells and to elicit immunogenic cell death, thereby synergizing with immunotherapy. Middle: nanomedicines targeting the tumor immune microenvironment are able to beneficially modulate the immunosuppressive local environment to promote immunoactivation. Right: nanomedicines can also be developed to target the immune system outside of tumor tissues to potentiate antigen presentation in secondary lymphoid organs and to activate peripheral immune cells \[Adapted with permission from Ref. \[[@CR15]\]. Copyright 2019, American Chemical Society\].

The tumor immune microenvironment (TIME) \[[@CR35]\] plays crucial roles in cancer development, metastasis, and resistance to (immuno)therapy. The TIME contains multiple types of suppressive immune cells, such as tumor-associated macrophages (TAMs), regulatory T cells and myeloid-derived suppressor cells. In addition, there are several classes of soluble inhibitors, such as indoleamine 2,3-dioxygenase and transforming growth factor beta, which activate immunosuppressive pathways and thereby prohibit antitumor immunity. Nanomedicines have been designed to target and modulate TIME. For example, nanomedicines such as iron oxide nanoparticles \[[@CR36]\] and CaCO~3~ nanoparticles \[[@CR37]\] have been repurposed to modulate the phenotype of TAMs, leading to increased ratios of anticancer M1-like TAMs in tumor tissues. These TAM-modulating nano-immunotherapy regimens improved the efficacy of checkpoint-inhibiting antibodies in multiple cancer models in mice \[[@CR37]\].

In addition to targeting cancer cells and modulating the TIME, nanomedicines can also target components of the peripheral immune system. Such approaches primarily target APCs in secondary lymphoid organs as well as immune cells in the circulation, including T cells. Nanomedicines have been utilized for cancer vaccination by enabling the efficient delivery of antigens and/or adjuvants to peripheral immune organs and cells. For example, therapeutic nanovaccines based on mRNAs encoding patient-specific antigens were fabricated with ionizable lipids. By tuning the physicochemical properties (size, surface charge, and stability), the nanovaccines accumulated in the spleen and transfected splenic APCs, leading to T cell responses to cancer antigens in mouse models and in patients \[[@CR38]\]. To target T cells in the circulation, nanomedicines carrying the leukemia-specific 194--1BBz gene were designed to engineer peripheral T cells to express chimeric antigen receptor as a part of an alternative approach for CAR T therapy, which has the potential to reduce the high cost of adoptive T cell therapy \[[@CR39]\].

Applications of nanomedicines in clinical immuno-oncology {#Sec5}
---------------------------------------------------------

Cancer nanomedicines have been applied in immunotherapy not only in preclinical studies but also in a number of clinical trials \[[@CR20]\]. To date, nanomedicines, including Abraxane, Doxil, and mRNA nanovaccines, have been tested in \~150 clinical trials (Fig. [3a](#Fig3){ref-type="fig"}). Most of these trials use chemotherapeutic nanomedicines (i.e., Abraxane and Doxil). The number of clinical trials involving nanomedicines in immuno-oncology has rapidly increased in the past 5 years (Fig. [3b](#Fig3){ref-type="fig"}). The majority of current clinical trials are at stage I/II; only a few trials with Abraxane and Doxil have proceeded to phase III (Fig. [3c](#Fig3){ref-type="fig"}). Fig. [3d](#Fig3){ref-type="fig"} shows that checkpoint-inhibiting antibodies are the most commonly used immunotherapeutics in combination with nanomedicines in clinics. Importantly, Abraxane combined with atezolizumab has been approved by the FDA for the treatment of triple-negative breast cancer. The very positive outcome of this trial strongly supports the future development of combined nano-immunotherapy.Fig. 3Clinical translation of nanomedicines for immunotherapy applications. **a** The number of clinical trials involving Abraxane, Doxil, and mRNA nanovaccines (WDVAX is a macroscale biomaterial-supported cancer vaccine and is not within the scope of the current review). **b** The number of immuno-oncological clinical trials involving nanomedicines conducted from 1995 to 2019. **c**, **d** Clinical stages and types of drug interventions of the respective clinical trials \[Adapted with permission from Ref. \[[@CR20]\]. Copyright 2020, John Wiley and Sons\].

Challenges in the development and translation of nano-immunotherapy {#Sec6}
===================================================================

There are multiple challenges that are encountered when aiming to translate immunomodulatory nanomedicines from the bench to the bedside. These are related not only to the material design but also to the clinical trial design. Several key issues in this regard are discussed below.

Nanomedicine formulations are much more complex than small molecule drug formulations, and multiple physicochemical properties, such as size, charge, structure, composition, surface properties, and colloidal stability, all play important roles in determining their in vivo performance \[[@CR40]\]. The physicochemical properties of nanomedicines may significantly change after administration due to interactions with biological components (e.g., protein corona), which makes it difficult to predict in vivo performance \[[@CR41]\]. Furthermore, because of their higher level of complexity, large scale production of nanomedicine formulations is more difficult than that of small molecule drugs. This not only affects nanomedicine production but also the reproducibility of preclinical studies involving nanomedicines. To address this issue, it might be useful to introduce standardized protocols for nanomedicine production, characterization, and results reporting \[[@CR42]\]. Moreover, the scaling up of nanomedicine production can be difficult, especially for nanomedicines based on multiple different components. It is a significant challenge for complex nanomedicines to be produced at large scales for late-stage preclinical and clinical studies. Therefore, to promote the clinical translation of immunomodulatory nanomedicines, nanomedicines should be designed based on components that are as simple as possible and on production protocols that are as scalable as possible \[[@CR43]\]. In addition, toxicities are also a critical issue that must be considered for the clinical translation of nanomedicines \[[@CR44], [@CR45]\].

Beyond issues related to the materials design and production, translation challenges in nanomedicine and nano-immunotherapy also entail clinical trial design. Key issues in this regard are patient recruitment and patient stratification. Patient recruitment is problematic because the numbers of chemo-immunotherapy and nano-chemo-immunotherapy trials have increased exponentially in the last 2--3 years \[[@CR46]\]. Patient stratification is arguably one of the most important future challenges for cancer nanomedicine in general. Nanomedicines are mostly applied nonselectively to patients in whom standard treatments fail. However, it is highly questionable whether this is the right strategy to explore their clinical therapeutic potential. As has been seen for molecularly targeted therapeutics and antibodies, patients have to be screened for certain biomarkers to be included in clinical trials. Likewise, nanomedicines should only be used in the right patients, e.g., in those who show efficient accumulation of nanomedicines in tumors and/or metastases, to increase the chances of these patients showing good therapeutic responses \[[@CR11]\].

Combination nano-immunotherapy, like other translational anticancer drug development and drug therapy fields, faces additional challenges because of gaps between preclinical and clinical studies. Firstly, as already alluded to above, large numbers of patients are already being enrolled by a rapidly increasing number of immuno-oncology trials \[[@CR46]\] that mostly involve clinically established drugs together with novel immunotherapeutics. Therefore, it is becoming increasingly challenging to recruit sufficiently high numbers of patients in a sufficiently short period of time for inclusion in nano-immunotherapy trials. Secondly, results from clinical trials on nano-immunotherapy are not well in line with the outcomes of preclinical reports. For example, in preclinical studies, ICD-inducing nanomedicines almost always strongly potentiate checkpoint inhibition therapy. Clinically, however, various large trials involving nanomedicines have failed. The phase III JAVELIN Ovarian 200 trial, for instance, compared avelumab (Bavencio®) plus Doxil treatment to avelumab monotherapy in platinum-refractory ovarian cancer patients and failed to demonstrate a significant improvement of the therapeutic outcome by the combination treatment. One explanation for this could be that many patients who were included were not appropriate for combination treatment, as a retrospective analysis of the data showed a significant difference in response to the combination treatment between patients with positive or negative programmed death-ligand 1 expression in their tumors \[[@CR20]\]. This exemplifies the crucial role of clinical trial design; especially in the case of nano-immunotherapy, it is critical to identify biomarkers for patient stratification and treatment outcome prediction.

Conclusions {#Sec7}
===========

Combining nanomedicines with immunotherapy will significantly expand their applicability in cancer therapy. Nano-immunotherapy has demonstrated greatly improved therapeutic efficacy in preclinical study setups, and positive results have also already been reported for several clinical trials which have recently been completed or are currently ongoing. To further exploit the benefits of combining nanomedicines with immunotherapeutics, several challenges need to be overcome, including issues related to (the complexity of) nanomaterial design and clinical trial design. By carefully addressing these issues, nano-immunotherapy will become more broadly applied and appreciated, contributing to better treatment options for patients in need.
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